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APPLICATION OF COMPUTER SIMULATION TECHNIQUES
IN MILITARY EXERCISE CONTROL SYSTEM DEVELOPMENT I:
NETMAN MODEL SENSITIVITY TEST AND VALIDATION

FOREWORD

Recent experience in military aviation and aerospace systems devel-
opment has demonstrated computer modeling to be a well grounded and
cost~effective design technique, especially for defining personnel
requirements, i.e., manning levels, job descriptions, training, man-
machine interfaces and operating procedures. Cognizant of this exper-
ience, the Army Research Institute for the Behavioral and Social Sci-
ences (ARI) is conducting a research program investigating, in part, the
application of computer simulation techniques in the design and develop-
ment of Army field exercise management systems, from the standpoint of
the man in the system.

The design of a field training and evaluation management control
system focuses on field exercise management group responsibilities in
staging unit training and/or evaluation exercises. Prominent in this
research has been the development of a simulation model called NETMAN --
a stochastic digital computer model for simulating pertinent information
throughput in a field exercise management system, with the emphasis on
the people-portion of the process. Processing taxonomies simulated by
NETMAN emerged from analyses of the Army Tactical Operations System
(TOS), and, subsequently, the Marine Corps' Tactical Warfare Analysis
and Evaluation System (TWAES).

The research reported here involving sensitivity testing, calibra-
tion and field validation of the NETMAN model was part of the larger
research program designed to enhance field exercise management. As
such, this research is part of Army Project 2Q763743A780, Training
Development for Battlefield Effectiveness, and is responsive to the
TRADOC Training Devices Directorate of the U.S. Army Training Support
Center, Fort Eustis, Virginia.

Q-4i\n Mo
OSEPH ER
echnical Director
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EXECUTIVE SUMMARY

Problem

When large scale combat exercises are conducted, they are
coordinated by a technologically advanced field exercise control sys-
tem, To this end, correct and timely information must be obtained
from the field by the control system in order to develop troop perform-
ance evaluations., Detailed information concerning the field situation
is also necessary to control the insertion of scenario events such as
artillery, aircraft maneuvers, enemy contacts, and other combat re-
lated situations,

The information in the system is also of value for deriving
training requirements and for maintaining realism within the scenario.
For example, casualties should coincide with the accuracy of an or-
dered artillery. In order for this realism to occur on the simulated
battlefield, the field exercise control system must have current informa-
tion from which to insert simulated casualties into the battle program.
Accordingly, optimization of the exercise control system is important
to achieving maximal benefit from costly field exercises.

The conceptual design of control systems is often carefully
worked out. However, design test before system implementation is
prohibitively expensive. Computer simulation represents a viable, rela-
tively inexpensive alternative to field testing of such designs. A com-
puter simulation model allows economical test of alternate design concepts.
It is generally found that, although modification of design concepts as a
result of computer simulation testing does not guarantee a perfect final
system, it allows the elimination of many possibilities which will not
work well in the field. It follows, then, that a reliable computer model
which can be used to "try out" different exercise control system concepts
and compare them in a quantified evaluation has strong appeal. Such a
model could be used to help develop optimal field exercise control con-
figurations and, thereby, maximize the training and troop evaluation
benefits from field exercises.

Background

The Army Research Institute for the Behavioral and Social Sci-
ences has developed a family of exercise control system oriented com-
puter simulation models under contract with the Applied Psychological
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Services. One model was developed to simulate message processing
in the Army's Tactical Operations System (TOS). In the TOS system,
messages composed by action officers are delivered to users of input-~
output devices for transmittal to a central computer and subsequent
automatic updating of a battlefield information data bank. The com-
puter model which simulates TOS is called MANMOD. MANMOD has
been successively implemented and calibrated. Throughout its use,
MANMOD has been found to be useful and reliable.

More recently, MANMOD was modified and expanded to allow
simulation of an entire message processing network of the type used 7
by a military field exercise control system. The resulting new com-
puter model was called NETMAN. NETMAN was organized with the
design of semiautomated military control systems specifically in mind.
NETMAN assumes four levels of message processing. The message
generation level is the exercise referee. Here, messages are gen-
erated for transmittal to the control center. The secondlevel is mes-
sage transmittal, in this case by the radio operator. The third level
is a computer capable of decoding a message received from the field :
and presenting this message to the fourth level--a situation evaluator 3
called a controller.

The NETMAN model is based on the prior highly tested MAN-
MOD and has been restructured to accommodate message handling
networks. Although some testing and model assessment was previ-
ously performed, further test, calibration, and validation analysis
were necessary in order to assure confidence in the model in its
present form.

Ob]e ctives

; The overall objective of the current effort was to assess the
current status of the NETMAN computer model. Determination was
required of the degree of confidence which can be placed in the cap-
ability of the current configuration of the NETMAN model to evaluate
exercise control systems. In addition to confidence assessment, an 5
assessment of cost of use and the ease of use of the model was nec-

essary. A final objective of the present work was to investigate and :
identify areas of NETMAN program modification so as to: (1) increase ;é
ease of use, (2) increase the fidelity of the model, (3) reduce the com- .
plexity of the input data preparation, (4) simplify the output so as to

provide answers to specific questions, and (5) improve the utility of

the model,

e
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Methods and Results

A variety of computer runs was completed to test the performance
of the NETMAN computer model under many different simulated condi-
tions. The effect of these condition changes was then carefully evalu-
ated from the viewpoints of rationality of output, cost analysis, ease
of use, and program logic error.

The first NETMAN aspect investigated was output stability as
a function of number of iterations, In a stochastic computer model
like NETMAN, which can simulate numerous combinations of likely
and unlikely events, a number of simulations of the same mission is
required in order to arrive at a stable estimate of the output parameter,
If an insufficient number of repetitions is used, the output will be sensi-
tive to unlikely occurrences and may be biased., With more repetitions,
however, the effect of unlikely events tends to balance out. The more
complex the mission simulated, the larger the number of repetitions
which are required to produce stable output., A relatively basic mission
scenario was used in these tests, The results indicated considerable
results stability with a limited number of iterations.

Parameters varied in the major sensitivity tests were; opera-
tor speed, operator precision, operator level of aspiration, operator
stress threshold, operator fatigue level, number of operator networks,
number of referee/radio operator teams per network, undetected error
probability, message frequency, message length, transmission delay,
and task difficulty. The results which were analyzed from such points
of view as reasonableness, meaningfulness, utility, dependability, and
reliability generally indicated support for the structural logic and inter-
nal validity of the model.

To determine the predictive validity of the NETMAN model, the
Marine Corps' Tactical Warfare Simulation, Evaluation, and Analysis System
(TWSEAS) was observed during control of a full battalion field exercise.
Field observers, assigned to troop units, made measurements of
message processing time and frequency. Additional observers collected
data in the control center on message handling, In this manner, data
were obtained concerning the quality of the operation of the TWSEAS
system. Prior to the exercise, the control system personnel involved
in the TWSEAS operation during the field exercise were tested to provide
personnel operating characteristics for input to the model.

The NETMAN computer model was run to simulate the TWSEAS

performance during the field exercise and the NETMAN-generated data
were compared with the criterion data (actual TWSEAS operation), In
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general, quite acceptable agreement was found between the model's

predictions and actual TWSEAS operation, The predictions of the
model fell, almost without exception, within one standard deviation
of the exercise based data.

Imglic ations

B L e o e ool bl Al et S0 o

Due to the model response to the parametric variations of the
sensitivity tests and the agreement between the model and the TWSEAS
criterion data, a substantial degree of confidence may be placed in
indications derived from the NETMAN computer model. Moreover,
the model was implemented at a relatively low cost. Future exercise
control system design would benefit from early test through the use
of NETMAN. Moreover, the NETMAN model may be used to deter-
mine or confirm personnel allocation, effects of personnel proficiency,
effects of various operator characteristics, network configuration,
and the like in present network oriented exercise control systems.
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I. INTRODUCTION

The NETMAN model was developed to provide a basis for stochastic
simulation of information throughput in a military field exercise control
system. This model, described briefly later in this chapter, permits
its users to evaluate such effects as personnel distribution, varying
system configurations, training, and workload on system performance
in tactical military exercise control systems.

The NETMAN model is a second generation message-handling
simulation model. Its predecessors are summarized later in this chapter,
Although the prior work provided preliminary sensivity testing of NETMAN,
a more thorough program of sensitivity testing and validation was deter-
mined to be required.

Simulation Models vs. Actual System Test

Inherent in any computer simulation concept is the understanding
that considerable savings can be achieved by substituting computer sim-
ulated exercises for actual system test. Such savings, of course, are
predicated on a demonstration that adequate agreement can be achieved
between a model, such as NETMAN, and actual system operation. A sec-
ond advantage of the use of a model is that the relative time required to
yield visable results is less than that of an actual system exercise. The
initial data collection and preparation for a model simulation may be
extensive but, once complete, the results of parametric variations may
be obtained in very short times (minutes/hours) as is shown in the
sensitivity runs of Chapter 2, Other advantages of models in general over
actual system exercises are:

® cxercising a model is less costly

® fewer personnel are involved

® models are independent of uncontrollable conditions

® models do not expose personnel to danger or accidents
® models do not expose equipment tc damage

® convenience

Note also that the more complex, costly or large scale the operational
system, the more dominent these relative advantages of simulation mod-
eling become.

Last, simulation offers the capability to consider and evaluate
the impact of new anticipated equipment, different speeds and numbers
of communication lines, as yet unauthorized operator sequences/pro-
cedures, and system loads.

A I i B A5 5N o
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Overview of the NETMAN Model

The NETMAN model simulates each person and each message in-
volved in the data acquisition required for evaluating performance during
field exercises, These personnel include up to 27 referees, 27 radio oper-
ators, and 3 controllers interacting in a fixed network of communication
lines linked with a Central Computing Center (CCC).

The field exercise data acquisition situation simulated may be
viewed as a message processing network configured as shown in Figure
1-1. This figure symbolically displays 27 simulated referees (R1 through
R27) receiving simulated symbolic input messages from independent sources
as well as from one of three simulated controllers (CON 1, CON 2, or CON
3). Messages are indicated by the symbol QY.

Military field exercises of some forms are observed by referees,
who complete evaluative and situational reports which are transmitted to -
a computer via a radio operator. Messages introduced into the system are
processed by various personnel and the CCC and then delivered to controllers
for evaluation on CRT terminals. The field exercise data acquisition is
simulated through random message generation based on pertinent values
such as message length, type, and arrival time. Each generated message
is then processed through the referee~ radio operator> CCC »controller
network and processing time is determined along with a number of other
descriptive indices.

Each simulated referee in the left to right message processing flow
of Figure 1-1 performs some appropriate procedure on the simulated mes-
sage(s) received, This is shown symbolically by a circle in which TAR
(Task Analysis, Referee) appears. A message then passes to the corre-
sponding radio operator (one of ROj through ROg7) for processing in accord-
ance with some specified task analysis procedure, circle TAO.

Up to 27 simulated messages, each processed by a different radio
operator, could then be ready for entry into the CCC. Entry into the sim-
ulated CCC for any given message is made over the communication line
for the three networks shown. Accordingly, in a given network, there may
be up to nine simulated messages competing for the one available CCC in- 2
put line.

Telecommunication lines are designated in Figure 1-1, and the re-
sultant queues awaiting CCC actions are designated by R4+« -

On a first-in, first-out basis, the CCC processes messages from
all of the three networks in accordance with its task analysis procedure--
depicted by circle TAC (Task Analysis, Computer). These messages then
enter another queue awaiting action by one of three controllers., Each
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simulated controller then assesses and operates on the oldest message
from his network in the queue and performs in accordance with the task
analysis for controllers as symbolized by circle TAN.,

The loop is closed by the simulated generation of new messages
by the controller for input to one of the referees in his nine-way network
as a function of a parameter input to the model. Besides the link from
the controller to his referees, the referees are also interconnected and
may generate new messages as a result of their interactions with one
another, Up to 5,400 messages may be included in a given simulation run,
During NETMAN's processing of message information, the model places
special emphasis on certain human performance features considered to be
important in a field operational system of this sort. These include operator
stress, fatigue, and level of aspiration,

The overall man-machine performance measure calculated by the
model, effectiveness, is calculated for each day of the simulated exercise.
It is composed of four independent factors--thoroughness, completeness,
accuracy, and responsiveness,

Output from the model is presented in the form of computer tabu-

lations and terminal displays. These provide data which promote insight for

evaluating alternatives both in terms of absolute and relative value. The
printed and displayed output is designed and organized so as to provide r
sults that answer questions of practical importance, such as:

1. What is the average processing time for a message
through the network as a function of the frequency
of input messages, operator capabilities, and network
configuration?

2. How do changes of input parameters affect predicted
total man-machine effectiveness values?

3. What is the loading situation relative to idle vs. busy
time for referees, radio operators, the CCC, and
the controller?

4, How great a stress is placed on the operators? What
is the fatigue profile over the mission for each type of
personnel ?

5. Would changes in the task organization of one or more
operators materially affect average processing time
and system effectiveness?

6. What are some effects of operator commission and
omission errors under various conditions?




7. How would increased personnel training or improved
personnel selection affect system performance?

The program presents detailed message processing time and error
information, if desired, as well as hourly summary and run summary out- ;
puts. The detailed message processing output shows the fine grain of the
results of the simulation of each task in the processing of messages.

The hourly summary presents a consolidation of the results of a
simulated hour's work across all iterations and includes items such as:
- number of messages completed, time spent working, end of hour stress
level, performance and aspiration, time spent performing various proc-
esses, and average time per message.

The simulation run summary, produced after N iterations of the
exercise, includes manpower utilization, message processing times,
overall effectiveness indicators, and workload summary information,

NETMAN is programmed in FORTRAN IV for the Univac 1108
system. It is organized to allow the user to conduct various numerical
experiments relative to the field exercises., Each computer run of the
model represents a simulation of a field session up to 10 hours in dura-
tion conducted under conditions as specified by input parameters., Ex-
amples of exercise input parameters include the frequency of messages
entered to the system, the number of operators, and the speed and as-
piration levels of these operators.

A model description is contained in Siegel, Leahy and Wolf (1977)
together with a discussion on model utilization, program flow charts, sub-
routine definitions, user input-output formats, and task analyses,

Prior Message Processing Models

Several of the NETMAN model concepts are based on a prior
operational computer model, developed by Applied Psychological Services :
in collaboration with the U.S. Army Research Institute for the Behavioral 3
and Social Sciences, for simulating the U,S. Army's Tactical Operations :
System (TOS). The earlier model, called MANMOD (Siegel, Wolf, & Leahy,
1972) simulates the behavior and performance of up to six men who function
as action officers and input-output device operators in the TOS system,
These men perform tasks similar to those simulated in NETMAN. The
mechanism for task-by-task performance evaluation in NETMAN is basic-
ally the same as in MANMOD.

MANMOD was originally designed for batch run processing in
FORTRAN IV on the CDC 3300 computer. In this form, original sensitivity
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and validation runs were made. In the validation, a high degree of
correspondence was found between the model's output and a set of error
data collected from an independent source.,

In a follow-on effort (Siegel, Wolf, Leahy, Bearde, and Baker, 1973)
the MANMOD model was modified to operate in an interactive computer time-
sharing mode., This feature allows the experimenter (mission analyst) to
interact in a "conversational' mode with the model and to enter data '"on
line.'" This interaction is performed through a computer terminal and
greatly increases the ease with which simulations can be performed, NETMAN
possesses this same type of interactive capability.

A variant of the MANMOD was also developed (Leahy, Lautman,
Bearde, and Siegel, 1974) which ailows collection of data during an experi-
ment in which one or more actual operators perform a part of the process
and the computer simulates the remainder of the TOS activity.

More recently, MANMOD was adapted for the Univac 1108 computer
and several new capabilities were added which increase the realism of the
simulation., It was modified to exchange data with two other independent
computer models in such a way as to maximize the strong points of each
of the models (Leahy, Siegel, and Wolf, 1975a, 1975b), Other areas of
similarity between MANMOD and NETMAN are:

1. the message generation technique is similar

2. the operator performance and aspiration determination
technique is the same

3. some of the parameters and two of the four effectiveness
factors are the same

4. the basic nature of both models is stochastic. As a
result, a number of repetitions is required to produce a

stable result

5. both models provide lists of inputs, optional detailed
output, hourly summaries, and run summaries.

NETMAN Panel Review and Recommendations

Before proceding with the NETMAN sensitivity tests and validation,
it seemed proper to obtain an independent review of the model, A review
panel of independent personnel, expert in various areas of digital modeling
and related fields, was brought together for this purpose. The panel members
made suggestions relative to: model improvement, additional features to
be added, features which should be deleted, features which may yield mis-
impressions, errors in the work, and attributes which are useful, Partic-

ularly important were suggestions relative to improvements concerning
documentation, sensitivity test considerations, and validation,
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In preparation for the panel meeting, panelists were advised of
the following areas of emphasis:

& ® How the programming, its architecture and organization,
: the documentation, and the programming structure might be
improved.

® How the mathematics could be improved, any errors, any
discontinuities, any area over embellished, any '"better'
approaches.

® What is the general utility of the model fcr achieving its
purpose, how the model compares with other models, how
the documentation compares with documentation of physical
models and obvious positive and negative aspects.

® The value of the user-model interface, the value of the
model, and the output formats as aids in decision making
along with display characteristic, output interpretation, and
system architecture improvements.

® How the Army user wiil use such a model, where he will
find difficulty with it, where he will find its information use-
ful, what can be done to improve its utility, what are the user
interests and characteristics, and what input problems face
the user,

A summary of the panel's conclusions in each major area follows,

Comments Concerning the Programming

The panel found the model to be highly portable, being written in
FORTRAN IV with almost no machine specific aspects., The exception
‘ is the random number generator. Such routines are usually uniquely
1 - developed for each computer system.

The program was held to follow the rules of structured programming.
Each major function in the program is separated into its own subroutine,
This allows program changes to be quickly made.

o T e

The subroutines were said to be well organized and the interfaces
between subrortines to be clearly identified. Internal documentation,
including comment cards, was held to be adequate.

The fixed format input was said to be difficult for the user and
substitution of free format input or more identifying information was




suggested. The panel also said that the program is relatively large. This
feature may limit the number and type of model enhancements. Additionally,
the panel contended that some data are specified for input but not used
internally (for example, operator factors for the computer are not used),

A minor discrepancy in the program was noted by the panel. This
discrepancy appears to have no effect on the processings If the random
number generator is called in a certain way, an erroneous output would
result. However, the random number generator is never called in this
way. Accordingly, a problem could only arise in the case of model changes
which involved calling the random number generator in the specific error
application,

Comments Concerning Mathematical Aspects

The stress function has a strong discontinuity at 95 percent of time
worked, This may cause an unrealistic instability in simulated performance
when the percentage time worked is around 95%. It was noted that only part
of the originally developed stress function was incorporated into NETMAN
and that inclusion of the entire stress function should be considered.

The message length variable is simulated in the model with a
normal distribution, while the real distribution would probably be positively
skewed, It was suggested that a log normal distribution or a triangular
distribution might be substituted.

Comments Concerning General Utility

The panel held the model to be flexible and to be useful for simulating
exercise control systems. Because the model is totally compartmentalized,
it can be extended to other goals not originally anticipated,

NETMAN is a research tool and as such is primarily intended for
research psychologists and system analysts. It offers a way of trying out
new ideas, procedures, equipment configurations, and personnel combi-
nations., Generally, such models have value in that "if it works in the model,
it may work in the field. If it does not work in the model, then it will not
work in the field,'"" NETMAN is not suitable for a casual user and needs more
user choice of output if it is to be directly useful for system engineers,

The input is a formidable obstacle for first-time users, according to
the panel. The values to assign to the input data are also a problem. There
are little data available from field exercises, and laboratory data have limita-
tions.




Suggestions Concerning the User Interface

(Ease of Input and OQutput Interpretation)

The panel's recommendations for the user interface included:

1,

10.

11,

User worksheets should be developed which would lead a user
through the input data collection and preparation in a step-by-
step manner,

Examples of how to set up input data should be included in
the User's Manual,

Automatic edits of input data to identify illegal or erroneous
entries should be provided.

More data default options are needed to facilitate the case in
which the user only wants to enter a small set of new data.

A capability is needed which would allow the user to enter data
in the form that is normally available and have the computer
automatically perform any transformations required. For
example, the program now requires the probabilities of related
events to be entered as cumulative probabilities.

An option to print as results only the data type which has been
changed,instead of all of a category,is needed.

In the interactive mode, the need exists for more computer
prompting and options for data display.

A more positive action is required to initiate execution, - At
present, a blank or zero entry starts the processing.

The operator should be able to display only selected output data
elements or only the data elements that change between
simulations.

To facilitate understanding, graphic output displays should be
provided.

An easy interface to statistical program packages which
perform data analysis might be helpful.
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Suggestions for Logic Changes

The panel's suggestions for logic changes included the need for
entering human parameters for each man individually (at present, these
parameters are entered as constant for each type of personnel) and for
the inclusion of stress, aspiration, and fatigue in the error generation
formula. The panel also suggested different fatigue curves for different
personnel types since it felt that the referees and the radio operators in
the field may fatigue more quickly than controllers.

The panel also suggested that logic might be added to simulate
referee mobility, simultaneous observation of multiple situations, and
decision making functions. At present the referee is primarily simulated
only in his message originating aspect.

Fluctuation of level of aspiration due to local effects such as
presence of officers and situational variables was indicated by the panel
to be an additional desirable feature along with an increase in the simu-
lation duration capability beyond 10 hours.

Panel Priority Weightings

A list was compiled of the 22 major issues raised during the
panel discussion and each of the six panel participants was asked to judge
each item on the following five point scale;

5 = High priority

4 = Considerable priority
3 = Moderate priority

2 = Low priority

1 = Negligible priority

After priorities were assigned by each panel expert to each item,
the mean priority assigned was calculated for each item. The mean priority
ratings were ranked. The items, as well as the ranking of the priorities,
are shown in Table 1-1. The three items tied for the highest priority were
user manual enhancements, programming changes for improved ease of
use, and discrepancies between manual and program. The fourth ranked
item was utility testing, which refers to use of the model in such a way as
to draw out any problems, limitations, or other unknown characteristics of
the program, This item is largely satisfied by the sensitivity tests and vali-
dation runs, reported in later chapters of this report,

Tied for fifth place were norm development, data base development,
and abbreviated user mode initialization. Norm development refers to
the availability of the necessary input data for the model, and abbreviated
user mode includes the reduction of data input and output by the user to a
level most convenient for his application.
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10.

11,
12

13.
14,

15.
16.
17.
18.
19,
20,
21,

22,

Table 1-1

Panel Priority Rankings of Major Issues

Description of Issue

User manual enhancement
Programming changes for improved ease of use
Discrepancies between manual and program

Utility testing

Norm development, data base development
Abbreviated user mode, initialization

Human effects on error rate incorporation
Inquiry mode for output and output difference analysis
Overall processing

Better simulation of referee activity

Graphic output provision
Window package display: controller-referee interface

Effectiveness measures
Fatigue curve individualization

Stress function-error frequency modification
Catastrophic failure indicator

Sensitivity to local stressors

Statistical package incorporation

Human submodel validation

Validity

Geographic representation

Stress threshold test

11

Issue
Rank
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11
11

13
13

17
17
17
17
17
20
21

22
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Tied for eighth place were human effects on error rate, inquiry
mode for output, and overall processing. The human effects which might
be expected to affect error generation are stress, aspiration, and fatigue,
The inquiry mode would allow an on-line experimenter to request the
specific sets of data or analyses which are relevant for his use. Overall
processing refers to the entire throughput and the event oriented sequencing
of message handling.

Tenth ranked was the expanded simulation of referee activity de-
scribed earlier under logic changes,.

Lower priority issues are considered next., These include: (a)
graphic output to allow the capability of automatically transforming the
model output into bar graphs or line graphs, (b) a window package to allow
a special type of output display, (c) fatigue curve individualization to allow
different decrement curves for different levels of the network as well as
different decrements for different operations at the same level of the net-
work, (d) stress function error frequency modification to allow stress to
affect the number of errors, (e) catastrophic failure indication to allow
consideration of those factors, such as radio failure, which would actually
shut down or greatly reduce the effectiveness of the system, (f) sensitivity
increase as the result of local stressors such as level of aspiration change
in the presence of officers, (g) statistical package interface so as to
facilitate data reduction, (h) separate testing, perhaps through laboratory
measurement, of the component subroutines which simulate human activities,
(i) incorporation of area and movement effects on personnel in the simula-
tion, and (j) investigation and possible incorporation of a fuller stress
function in the NETMAN model.

Model Preparation for Sensitivity Tests

A full description of the NETMAN program is found in Leahy,
Siegel, and Wolf (1975), To facilitate the sensitivity and validation runs,
a series of fine tuning and readiness-type adjustments was made to the
program. These are summarized here:

1. the prior NETMAN program was copied to a new file (NETVAL)
and an intact copy of NETMAN was retained so as to allow
separation of the two developments.

2. new control language files were prepared to facilitate
simulations,

3. the input format was expanded to allow entry of the day number
for fatigue calculation for each simulated person rather than a
single value for all individuals,
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10.

11.

the input format was changed to allow input of different
values of speed, precision, aspiration, and stress thresh-
old for each person simulated.

. message origin identification was revised so that messages

originating from the same stimulus message are keyed to
that source message.

. anew type of task element, random walk task, was added

to better simulate decision tasks. Associated with this a
new subroutine, INRAN, was added to control random walk
data input.

. corrections were made in the random number generation

function to prevent its misuse as discussed in the preced-
ing section.

. variable dimension statements were modified to accommo-

date larger data arrays for the following: fatigue, speed,
precision, aspiration, and stress threshold.

. modification to allow simulation of networks which include

one rcferee, one radio operator, and one controller--a case
not previously handled by NETMAN.

set up of new files for input, output, and mapping, compil-
ing, and printing elements. These changes facilitate per-
formance of multiple simulation runs.

enhancements to enable the analyst to enter task difficulty
and task duration data from the terminal in an interactive
mode.




11, SENSITIVITY TESTS

As the first step in evaluating the utility of the NETMAN simulation
model, a comprehensive set of sensitivity tests was defined and conducted,
The purpose of these tests was to evaluate the internal logic of the model,
as a prerequisite to a meaningful validy study, presented in Chapter 111,

Sensitivity Test Objectives

Four inherent aspects of the NETMAN program were considered
in the sensitivity tests: simulation results rationality confirmation, cost
analysis, ease of use, and logic error.

Simulation Results Rationality Confirmation

One of the major goals of the sensitivity test of any model is confir-
mation that the model's output is sensitive to variation in model input data.
Not only should the output reflect changes in input but the change should
possess appropriate directionality and magnitude. Moreover, the output
should, in most cases, be reasonably smooth over a change in input
values. Parametric values were selected for the sensitivity tests which
would allow determining whether or not the model exhibits these properties,

Sensitivity test results often suggest a need for model changes.
Within a model, constants and equations are employed to detail relationships.,
When an illogical result is obtained, the need for modifying such constants
and relationships is suggested.

In addition to errors of commission, errors of omission in the
program were sought as the result of sensitivity tests. There may be
combinations of conditions for which additional logic is required or the
need for additional variables may be suggested. When developing a model,
it is difficult to anticipate all possible interactions. Sensitivity tests were
made with the thought that the model would be calibrated as required.

Cost to Run

A byproduct of sensitivity tests is information concerning the cost
for running the program. This was a secondary goal of the tests. Although
the cost of computer time is generally slight in comparison with the cost
of other methods of simulation, computer time cost may be a limiting factor
in model use. Knowledge about run costs as a function of input parameters
was therefore sought.

15




Ease of Use

Information about the ease of use of the program is another by-
product of the process of organizing and performing sensitivity tests.
Problems relative to input data organization and program execution
become evident. Additionally, estimates of the time required to pre-
pare the input data are made available,

Program Error

The NETMAN program was previously tested and is believed to
contain minimum logic error. However, one goal of the sensitivity test-
ing is identification of any overlooked program errors. Program error
correction is an ongoing process which starts in the initial programming,
continues on through the sensitivity testing, and often continues even into
final product use, with the return from tests becoming smaller and smaller
as additional tests are performed. Sensitivity tests allow examination of
the model in many diverse situations and elimination of program errors
as they are identified.

Sensitivity Tests Performed

In order to meet the sensitivity test objectives described above, a
comprehensive set of sensitivity tests was performed. The parameters
varied in these tests are shown in Table 2-1, The program was run with
the parameters shown on a Univac 1108 Computer System. Both the ter-
minal and the batch modes of operation were employed.

Variables and Levels

The tests included a large number of variables, and each variable
was tested at two or more levels including the limits as specified in the
model. Generally, when a single input parameter was varied across its
practical range, all of the other variables in the model were held constant.
In addition to the parametric variation, a number of selected combinations
of variables was tested.

The primary input parameters were selected for variation in the
sensitivity tests:

number of iterations of the simulation run
operator speed measure
operator precision level
operator aspiration level
operator stress level
operator fatigue level
number of operator networks

number of operator teams per network
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9. undetected error probability
10. message frequency (number per hour)
11, message length (characters)

12. controller message length (characters)
13. duration of transmission delay (seconds)
14, task difficulty (task success probability)

b
3

Number of Iterations

I il AN S AR

One major consideration in the cost of employing a stochastic model
is the number of simulations or iterations required to produce a stable esti-
mate of output parameters, If the sample is too small, chance combinations
of low probability events may bias the resulting simulation summaries. In
order to avoid this random error a sufficiently large number of iterations
must be completed. The minimum size of this sample is a function of the
varistion in the various random processes embedded in the simulation.

o i

The data used to evaluate stability of simulation outputs were the
mission segment times which identify completion points at various stages of
message processing. There are 19 segment times given for each of seven 1
message types. The resulting 133 time values provide a sufficient N to make
stability comparisons between computer runs, i.e., between sets of computer
iterations of the simulated exercise. Pairs of simulations were run with in-
creasing numbers of iterations, The results of the simulations were inter-
correlated and the mean difference between runs was calculated. The criteria
for sufficient iterations was the point at which the correlation between simula-
tions was . 90 or greater and /or the mean difference between runs was five
percent or less.

The Pearson product moment correlation was calculated between the

segment time data for each mission segment from two independent five-
iteration simulations. Each such run was initiated with identical input para-
meters except for different starting pseudo-random numbers. The resultant
correlation coefficient was . 9999, This indicates a very high degree of
stability for the simulation involved. Such high stability might not be attained
for more complex scenarios which involve more branching. The mean differ-
ence between runs was less than five percent,

Results -- Rationality Confirmation

The major result of the sensitivity tests was confirmation that the
model produces results which vary with input variation in a reasonable
manner, The results of various simulation runs which were completed
relative to this issue are presented below.




Operator Proficiency

Operator proficiency is reflected in the NETMAN model through
two variables--operator precision and speed. Operator precision affects
the probability of error while operator speed affects the amount of time
required to perform tasks. These variables were combined factorially
to allow analysis of the main effects as well as the interactions. The value
of each of these two parameters was varied as follows: 0,90, 0.95, 1,00,
1.05, and 1,10, These runs are listed in Table 2-1 as runs 2 through 26,
Other exploratory runs were made with a setting of 0.5 for operator
speed. Three separate two-way analyses of variance were performed on the
segment time data from this set of 25 runs, for referee, radio operator
and controller, The results of these three variance analyses are shown
together in Table 2-2. The results of these analyses showed that the
following parameters produced statistically significant effects:

speed of referee
speed of radio operator
speed of controller

precision of referee
precision of radio operator
precision of controller

interaction of speed and precision for referee
interaction of speed and precision for controller

The anticipated direction of each prediction is indicated in Figure 2-1
by an arrow head. Prediction number 1, as shown by this Figure is that
simulated operators with a precision of .90 and a speed of .90 will perform
better than simulated operators with a precision of .90 and a speed of . 95.
Similarly, prediction 27 is that simulated operators with a speed of .95 and
a precision of .95 will do better than operators with a speed of .95 and a
precision of 1.00,

There were 120 predicted differences (40 each for referee, radio
operator, and controller). Of these, 113 were in the correct direction, six
were tied and one was in the wrong direction. A normal curve approxima-
tion yielded a statistical significance level of 0,001 for this result.

Figure 2-2 (a), (b), and (c) show the mean time in seconds required
per message for each of the three types of system personnel as a result of
the variation of the operator speed and precision parameters over the range
0.90 to 1.1. As expected, in all cases, improved speed and precision
resulted in reduced message processing time. For speed, the value 0.9
represents fast persons and 1, 1 represents slow personnel. Precision
refers to the operator tendancy to produce errors which require repeat of
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OPERATOR

SPEED

.90

.95

1.00

1.10

PRECISION

Figure 2-1. Operator level of p;:oficiency predictions.
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Figure 2-2. Mean time per message as a function of referee (a), radio operator (b},
and controller (c) speed and precision.
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some or all of a task, Improvement of precision below 1,0 had very small 3
effects but quite significant changes in message processing time were 3
produced when precision values were above 1,0. Mean time per message
increased 60 to 70 percent as a result of a 10 percent decrement in precision
above the nominal value (1.00), and about 10 percent for the corresponding
decrease in operator speed below the nominal.

The effect of operator speed and precision on two of the four effective- |?
ness components, responsiveness and thoroughness, was also marked. Figure
2-3 (a) and (b) displays this affect for the system thoroughness and respon-
siveness indices. The thoroughness measure is the ratio of the number of
message blocks completed during an hour by a controller to the number of A 3
messages arriving during the hour, Responsiveness is determined as the pi
average message processing time (referee start to controller end) divided
by the average total elapsed message time,

Percentage Time Busy

The effect of operator speed and precision on percentage time busy
for the referee and radio operator is presented in Table 2-3. Table 2-3
shows a strong trend for the percentage time busy to increase as the sim- 1
ulated personnel became slower and less precise. Regardless of speed :
or precision value, the simulated controller was busy 100 percent of the L
time. Percentage time busy for the referee varied betweeen 14 and 30 \ 3
percent over the range of values simulated; for the radio operator the
range was 16 to 34 percent.

Level of Aspiration i’ 1

$
The effect of level of aspiration of the simulated personnel depends, ‘ &
in the model, on their level of performance and the stress level, There are ]
four conditions which affect performarce:

1. the simulated personnel are performing below their level *
of aspiration and are only mildly stressed. The result
is a positive pace adjustment factor due to aspiration.

of aspiration and stress is low, This will tend to cause
the operators to decrease their level of aspiration,

1
2. the simulated personnel are performing above their level &
/

g 3. the simulated personnel are, performing below their level ™
of aspiration but are under high stress. In this case, E 3
the level of aspiration tends to be reduced and the ‘
speed of performance is degraded.
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Table 2-3

Percentage of Time Busy as a Function of
Operator Speed and Precision

Precision
.90 .95 1,00 1,05 1.10
.90 Referee 15 14 14 18 24
Radio Op. 17 17 16 20 28 ! 1
Controller 100 100 100 100 100 4
.95 Referee 14 15 15 19 25
Radio Op. 16 17 17 22 29 :
Controller 100 100 100 100 100 =/ 9
1.00 Referee 16 16 16 20 27
Radio Op. 18 18 18 23 31
Controller 100 100 100 100 100
1.05 Referee 16 17 17 21 28 i
Radio Op. 19 19 19 23 32
Controller 100 1Q0 100 100 100
1.10 Referee 17 17 18 22 30
Radio Op. 19 20 20

Controller 100




4. the personnel are performing at their level of aspir-
ation but are under high stress. The result will be a
slight reduction in stress.

The sensitivity test results indicated no noticeable affect by level of
. aspiration values over the ,90 to .97 range on model outputs such as the
effectiveness components or performance. The interrelations are such that
the initial level of aspiration values are believed to be short lived in the
model and dominated by other conditions. That is, regardless of the
initial setting of aspiration values in the range, a final aspiration value
of .96 was reached before the end of the first mission hour, after which
initial aspiration values exerted no affect.

Stress Threshold

Within the NETMAN model, each simulated person's stress thresh-
old is a variable which affects his response to stress, As stress increases,
performance improves up to a point called the stress threshold. When
stress passes the threshold, the facilitation is removed. Stress, within the
model, is a function of message processing workload (i.e., percentage
time worked). Stress begins to build beyond a nominal value of 1.0
when operators are working more than 66.6 percent but less than 95 per-
cent of the time. Run 31 through 34 results displayed almost no affect of
the operator stress threshold parameter alone over its tested range of
values from 2 to 3, The results are shown in Table 2-4, Table 2-4 also
indicates that the percentage of time the operators and computer were busy
did not change as the stress threshold was increased from 2 to 3 on the stress
tolerance scale. The threefold increase in percentage busy time due to a
threefold increase in messages per hour input was insufficient to generate a
i stress condition because the percentage remained below 66 percent for the
referee and radio operator and above 95 percent for the controller. The
: marked affects of changes in workloads, i,e., number of messages to be
i processed per unit time, are analyzed and presented in the section of this
: . chapter which deals with message load effects.

Fatigue

Two factorsdetermine fatigue as simulated inthe NETMAN model. During
each simulated workday, a performance decrement representing effects of

PN N




Table 2-4

Effects of Stress Threshold on Simulation Results

Run Number
Stress Threshold
Messages per Hour

Mean Time per Message
Referee
Radio Operator
Controller

Effectiveness Component
Thoroughness
Completeness
Responsiveness
Accuracy

Percent Time Busy
Referee
Radio Operator
Computer
Controller

Final Stress, Each Operator

oo

85
98
89

0.75
0.97
0.85
0.99

16
18
15
100

28

Run Information

32
2
15

86
99
88

0.25
0.97
0.85
0.99

48
54
43
100

33
3
5

Results

85
97
‘88

0.75
0. 96

0. 86
0.99

16
18
15
100

34

15

85
98
88

0.25
0.97
0.86
0.98

48
55
44
100

S
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fatigue is applied with increasing influence over a 10 hour period, Second,
on succeeding work days,the decrement is applied earlier in the work day.
For the purpose of determining the sensitivity of the model's fatigue effects,
three fatigue conditions were simulated. The three conditions were; first
day of work, fifth day of continuous work, and ninth day of continuous work,
Within each day, a 10 hour work period was simulated with workload in each
hour held constant, Within each of three conditions, decrement was pre-
dicted to increase over the 10 hour working period. Moreover, the perform-
ance on the fifth day was anticipated poorer than on the first simulated day,
and performance on the simulated ninth day was predicted to be worse than
performance on the fifth day.

The principal results of the tests of model sensitivity to the fatigue
variable are shown in Table 2-5. Operator performance, as measured by
changes in the average time required per operator to process a message,
degraded (i.e., time increased) as expected with longer mission periods.
The percentage time increase from hour 1 to hour 9 were:

MISSION DAYS

Operator Type 1 3 S

Referee 9.3 14.0 19.8
Radio Operator 8.2 13.3" 19.4
Controller 10.1 14.6 19.3

Average Percentage
Time Increase 9.2 14,0 19.5

To evaluate further the impact of fatigue, two correlational
analyses and an analysis of variance were completed for each operator
type. First, product moment correlation coefficients were calculated
for each of the three operator types and for three time periods (day 1,

5, and 9) by hour. The resultant values,shown below, indicate a high
correlation between hour of work and simulated operator processing

time per message. One would anticipate that as time on the job increased
(fatigue increase), the processing time would also increase., Each correla-
tion is based on an N of 10 hours.

Day Referee Radio Operator Controller
1 .85 .84 .72
5 .94 . 96 .89
9 .98 .97 .97
29
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An analyses of variance was completed for each operator type using
the time per message per operator data of Table 2-5. Here the mission
time was divided into three levels of days worked, and the 10 hourly
results were divided into three periods of three hours each (the first
hour was not used). The summary of the analysis is shown in Table
2-6. Statistical significance at the 0.001 level of significance was
observed for all three operator types in both the effect of fatigue on
performance for the mission time periods and for the hourly (day)
periods. This indicates the clear and significant impact of fatigue on
operator performance,

The effectiveness measure called thoroughness also showed a
consistent reduction in operator performance over time., For the 10
hour simulated mission, the decrease in this measure was almost 16
percent,

Number of Networks

A network is composed of radio operator/referee teams who
report to a common controller. The model can simulate as many as
three such networks simultaneously. All networks are processed
through the same simulated central computer and the resulting time
sharing has an affect on message processing time. For the sensitivity
test of the effect of number of networks, three levels were used--one,
two, and three networks. A fairly heavy workload was imposed on the
system in order to draw out the effect of the number of networks on
overall processing time. It was predicted that increasing the number of
networks would increase the time required to transmit to the computer
and that increased waiting time within the computer would result from
the increase in the number of networks being handled simultaneously.
Within the simulation, each network had the same workload. Accordingly,
the workload factor was held constant,

These predications were only partially fulfilled under the condi-
tions of runs 14, 38, 39, and 40, Table 2-7 shows a negligible effect of
number of networks on: the effectiveness components, mean message
processing time, and proportion of time busy. Table 2-7 also shows the
reason for this small effect. In the section of Table 2-7 dealing with
proportion of time busy, the computer is predicted to be busy only 7 per- 3
cent of the time for one network, 14 percent for two, and 22 percent for i
three networks., Accordingly, the workload assumed for the computer in 4
these runs did not approach an overload situation, This effect was con- :‘ H

firmed in field tests, described in Chapter III of this report, in which
the computer was never a bottleneck in message processing. In terms of
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Table 2-7

Effects of Number of Networks Parameters on Simulation Results

Run Number 38
No. of Networks 1
No. of Referees 8
No. of Radio Operators 8
No. of Controllers 1
No., of Computers 1
Effective Measures
Thoroughness .79
Completeness .97
Responsiveness . 86
Accuracy .99
Overall .90
Messages Completed Per Hour
Referee 1081
Radio Operator 2132
Controller 3243
Mean Time Per Operator Per Msg.
Referee 86
Radio Operator 98
Controller 86
Proportion of Time Busy
Referee . 16
Radio Operator .18
Controller 1.00
Computer .07

Run Information

39/14
2

16

16

2

1

Besuits

o 07
. 96
.85
.99
. 89

1073
2113
3214

86

98
87

.16
.18
1,00
.14

.76
.97
. 86
.99
.89

583
1655
2487

84
97
87

.16
.18
1,00
.22

*Note; Messages completed is a total across four hours, five iterations, and

eight referees per network,
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CONTROLLER
MEAN
NUMBER
MESSAGES
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(68.75)

(339.25)

CONTROLLER

s

NUMBER OF TEAMS PER NETWORK

o j*-

Figure 2-4. Messages completed as a function of number of teams per network.
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messages processed, however, adding networks produced an effect
directly proportional to the number of networks added, That is, two
networks processed about twice as many messages as one network,
and three networks processed about three times as many messages
as one network. This proportional relationship holds true at the
referee, radio operator, and controller levels of the system.

Number of Teams per Network

Within the model, up to nine radio operator/referee teams
may be assignec to each controller. An increased number of teams
could be expected to increase the number of messages processed.
Three levels of teams per network were tested: one team per net-
work, five teams per network, and nine teams per network,

Figure 2-4 shows the effect of the three team levels on the
number of messages per hour which were completed by each person-
nel type per hour over the four hour mission simulated. As expected,
increasing number of teams per network resulted in an increased num-
ber of messages processed. However, for the controller, the increase
was at a declining rate. For one team network, the result was 68. 75
messages per hour completely processed (j.e., processed by the con-
troller). Through the five team situation there was essentially no
degradation since these teams processed 339. 25 messages per hour--
only about 1 percent below the single team rate. But, in the five to
nine team range, the controller became a bottleneck, For the nine
team situation, only 419. 25 messages were processed as compared with
the potential (9 x 68, 75 = 618. 75). The other operators' message
processing was almost linear with the number of teams per network;

a one-way analysis of variance (Table 2-8) for three networks was cal-
culated independently for each operator type. For all three types,
differences between number of networks showed significance at the

. 001 level.

Figure 2-5 displays the relationship between the number of
teams per network and the logarithm of mean time involved in the
reception of messages by the controller. The between teams variance
(1, 5, 9 teams) was determined to be statistically significant (p <. 001),
Table 2-9 summarizes the pertinent analysis of variance. The data
used in this analysis comprised the time spent in segment 15, which
corresponds to delay to controller, Since there are seven message
types and there was no difference between message types, there was
an N of seven within each cell,

e g d e U e s o L L L e S i il o e e L e o e
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Figure 2-5. Effect of number of teams on time spent by controller on message processing.




e

100> d "06L6 0646 ° z 8S6 1 usamjag
TI 6S6°T Telo L
90UBOTJTUBIS T axenbg Wopaatq soaenbg 20.an0g
JO 19497 ues Jo saaada( Jo wng

L8°
¥6°
€6°

T11ea=aA0

1000° 6 100°0 UTHYITM

1093 ANIqRqOoId JOJIIH Pa}dd}opu[] J0J 9OUBIIEA JO STSATRUY JO AJemimung

I1-2 2198l
66" g8 L6° 89"
66 ° 98 * L6 ° 96 *
66 ° ; 98 ° L6° 26"
%mma:ooa\ SsauaArsuodsay ssausajordwio) Sseuysno.IoyJ,

9INSBIJAl SSAUIATIIDIIN

SOINSBIN SSAUDATIOJIH UO HIOMION J2d SWEDJ, JO JoqUUNN JO 109510

0T-¢ °19®8.L

38

MJIOMIDN J94
swea ], N
Jo JaquinN




For the one team per network case, 0,2 seconds were spent
in message reception out of a total message time of 285 seconds,
This increased to an average of 0, 8 seconds for the five team per
network case out of a total time of 288 seconds. However, in simulation
run 43 (nine teams per network),the average time spent by the controller
in message reception was 1875 seconds out of a total of 2172 seconds.
Again, this suggest overloading of the controllers for this case.

Table 2-10 shows that only one of the effectiveness measures,
thoroughness, was impacted by variation of the number of teams per
network, After the overload condition set in, the anticipated reduc-
tion in thoroughness was indicated. '

Undetected Error Probability

Many of the errors which occur in the simulated message han-
dling are detected and corrected; others pass through and contaminate
the simulated data base. The probability of an undetected error is
specified by NETMAN model input in terms of the probability of a low
importance error and in terms of the probability that a significant error
will enter the data base. These error probabilities are expressed in
terms of probability per message. These probabilities are used in the
model in the calculations of information loss and effectiveness, The
error probabilities selected for test were: .01, .1, and 1.0 (i.e., one
message in 100 will contain undetected errors, one message in 10 will
contain undetected errors, and one undetected error for every message
processed. )

Figure 2-6 shows a plot of the resultant effectiveness measure

- (1- total information loss £ ion of undetected
Accuracy = (1 iesaagc? complete ) as'a uncti undetecte
error probability., The other three effectiveness components were

essentially unaffected by the undetected error probability over the
range .01 to 1, 0; the resulting output ranges were:

Thoroughness o R
Completeness * 96 =07
Responsiveness = .85

A one-way analysis of variance indicated the effect on accuracy

to be statistically significant at the 0.001 level. The analysis is summa-

rized in Table 2-11,

Message Frequency

The frequency with which the simulated referees send messages,
whether originated by themselves or by the controller, is a prime
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Figure 2-6. Effect of undetected error probability
on the accuracy component of effectiveness.
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OVERALL EFFECTIVENESS
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MESSAGE FREQUENCY = NUMBER OF INPUT MESSAGES
PER HOUR PER TEAM
Figure 2-7. Effect of number of messages per hour on overall effectiveness
and on effectiveness components.
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determinant of the workload on the entire system. Message frequency
varied over four levels: 5, 15, 25, and 30 messages per hour per
team. This range represents a variation from light workload, through
heavy workload, to a work overload,

Figure 2-7 shows (solid line) the effect of input message load
per unit time on the overall operator effectiveness. This relationship
was shown below to be significant at the . 001 level as a result of a
two way analysis of variance (effectiveness measure by message fre-
quency). This variance analysis is summarized in Table 2-12, This
finding is largely due to the very high changes in the thoroughness com-
ponent, Much smaller changes were noted in the other effectiveness
components.,

The delay time between computer processing and controller
start as a function of message frequency is shown below:

Message Controller Delay Proportion of Time Busy
Frequency Mean Sigma Referee Radio Operator Controller
5 949 98 v it .18 .14
15 11,333 225 .49 .56 .44
25 11,181 364 .69 .79 .71
30 11,663 574 o 12 .82 . 86

As anticipated, delay increased as workload increased and the propor-
tion of time busy rose even more rapidly as a function of workload.

Field Message Length

The length of each message is specified in the model in terms
of the number of characters it contains, The number of characters to
be processed is directly related to the time required to process the
entire message, assuming that the time to process each character is
held constant, The levels of message length tested were: 10, 22, and
100 characters.

The expected increase was observed in message processing
as a function of number of characters, Figure 2-8 presents the
obtained results, The Pearson product moment coefficient of correla-
tion between processing time (mean time per message) and message
length was calculated to be ., 9996 for the radio operator and . 9995
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for the referee. It was also confirmed that field message length had
a marked effect on effectiveness components, particularly responsive -
ness and accuracy, as shown below:

Message
Length Thoroughness Completeness Responsiveness Accuracy Overall
10 .76 . 96 . 89 1. 00 . 90
22 .77 . 96 . 85 . 99 . 89
100 .76 .91 . 47 .74 .72

Similarly, Figure 2-8 shows a corresponding affect, in the an-
ticipated direction, of message length on messages completed. As mes-
sage length increased from 10 to 100 characters, the number of mes-
sages completed decreased by about five percent.

Controller Message Length

A message which is sent by the simulated field teams is auto-
matically decoded by the simulated computer before it is displayed to
the controller. Messages to the controller are typically longer, in
terms of number of characters, than the messages composed in the
field. For the purpose of these sensitivity tests, the range of mes-
sage lengths used was 10, 22, and 100 characters.

The increase in mean time per message as a function of in-
creased message length was as pronounced for the controller as it was
shown to be for the other personnel. The pertinent data are displayed
in Figure 2-9, and the corresponding triserial correlation between con-
troller message length and mean time per message was , 99,

Correspondingly, the total number of messages completed by
the controller was reduced as message length increased, as shown in
the dashed curve of Figure 2-9.

The effects of controller message length on the effectiveness
components were:

Message
Length Thoroughness Completeness Responsiveness Accuracy Overall
50 « 99 o 9 .91 ¢ 99 . 96
100 .98 ek . 90 <99 . 96
300 L7 . 96 . 85 .« 99 . 89
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Transmission Delay

Before a radio operator sends a message, he selects a trans-
mission frequency and listens to determine whether or not the frequency
is clear. Depending onthe traffic, the message transmittal may be de-
layed. As predicted, simulating this delay added to the average message
processing time for the simulated radio operator and caused a reduction
in the number of messages which he handled per hour.

Figure 2-10 shows these effects for the three levels of delay in
the sensitivity tests: no delay, 10 second delay, and 100 second delay.
No effect was to be expected for the controller or the referee because
this variable should only operate on the radio operator processing time,
This consistency is also shown in Figure 2-10, The triserial correlation
between radio operator processing time and the duration of the trans-
mission delay was calculated to be 0. 974. The effect of this delay on
the effectiveness components is shown by the following data to be very
modest -- less than a 5 percent change over the entire range of trans-
mission delays.

Transmission
Delay
{secs) Thoroughness Completeness Responsiveness Accuracy Overall
0 .16 .96 i .99 .89
10 17 . 96 .85 .99 . 88
100 .76 « 97 6 12 .99 . 85

Task Difficulty

Task (mission) difficulty within the model is indicated by the
value of task element success probability assigned to each of the
tasks in the sequence for each person simulated. Typically, system
personnel will correct the error which caused failure on a task element
immediately. The additional time spent in correction and touch up,
however, increases the time required for task completion and would
be expected to reduce the overall performance effectiveness, Task
element success probabilities were varied over three levels, Under
the low difficulty condition, success probabilities were 0.99 on each
task element. In the moderate difficulty condition, the success prob-
ability was 0, 80, while in the high difficulty condition a success prob-
ability of 0.60 was entered for each task element. It was predicted
that increased task difficulty would produce a strong decrement in
the number of messages processed, an increase in the time per
message, and a decrease in overall effectiveness.
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Figure 2-11 confirms the anticipated effects of changes in
task difficulty on the number of messages per hour. Here the effect of
increased messages processed as tasks become less difficult is clearly
noted for all operators. In addition the number of messages processed
increased about 29 percent for the controller who is overloaded but not
at all for the referee and radio operators who are only mildly loaded,

A one-way analysis of variance (Table 2-13) indicated significance
at the . 001 level for messages processed per hour for the controller,

Figure 2-11 also shows the expected effect of decreased message
processing times for the controller as the difficulty of the task increased.
An analysis of variance (Table 2-14) also indicated this effect to be sta-
tistically significant. However, the referee and the radio operator showed
virtually no change because these personnel were very lightly loaded. Also
note that the total number of messages processed by the radio operators
never quite equalled the number processed by the referees due to the se-
quence of message handling.

Several effectiveness components indicated degradation as
difficulty increased (Figure 2-12). An analysis of variance calculated
for the overall effectiveness measure indicated statistical significance
(p <.001)., This analysis is summarized in Table 2-15.

Cost to Run

The second consideration in the sensitivity tests was cost to run.
Cost to run was examined from both the direct cost and computer time
used point of view. The U1108 facility at Edgewood, like many computer
facilities, charges different rates depending on the time of day of use.
Computer runs made between 0800 and 1600 hours are most costly; use
of the facility between 1600 and 2400 is discounted and use between 0000
to 0800 is further discounted. The rate is also a function of memory,
input, and output requirements. Similarly "batch' runs are much cheaper
than ""demand' runs. A typical five iteration simulation in the "batch"

mode cost $.45 and used 6. 848 seconds of central processing unit (CPU)
time.

A terminal set up for another run which also involved an aborted
simulation run cost $2.88. The terminal was connected to the computer
from 1046 to 1132 hours and used 37,47 seconds of CPU time. As an
example of one of the higher costs of running the model, a simulation was
run and both lengthy set up and print out were required. This run was
made from a terminal which was on line with the computer from 1411 to
1556 hours, This run cost $24,79 and required 65.63 seconds of CPU time,
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Small program or file changes typically required only a few
seconds of CPU time and cost less than $. 25.

Due to the size of the program, long delays were often expe-
rienced while waiting for sufficient computer space to become avail-
able. In the case of batch runs, this delay was as high as several
hours. In the case of terminal runs, when delays exceeded a few
minutes, the run wasaborted due to the relative preponderance of
telephone line costs compared to computer costs,

Ease of Use

Although the NETMAN model cannot be called "easy to use'’,
the input is organized in a systematic manner which promotes ease
of use. Some complexities in the preparation of the input data are
described in this section,

An example of the volume of data required is shown in data
prepared for the D~-Day simulation run described in the next chapter
of this report. This input required 92 cards including over 600 values.

The NETMAN model requires fixed format entry. That is,
where data are called for, the exact card column(s) or spacing on a
terminal is necessary. Any deviation from the indicated spacing will
cause either a discrepancy in the input or, more likely, the program
will reject the input as invalid,

The computer program does not double check the consistency
of the input data. For example, if two networks are specified in
the input, the computer will read in the number of men in each from
the appropriate card columns, If entries in these columns are
omitted, a zero is entered. This will cause the program to termi-
nate execution once the simulation has begun and it may be quite
difficult to trace back to the source of the problem.

Although the organization of the initial input data to the NETMAN
model can be quite time consuming, changing small amounts of input
is quite easily accomplished in the experimenter interactive mode,
Such variables as personnel characteristics and message characteristics
can be temporarily changed and the effect on output determined, Nor-
mally, a great many variations on tlie input data are run in order to

SN A




study the range of the simulated system's performance. Accordingly,
the time for initial input data preparation, when amortized over a
number of runs under various conditions, is not excessive.

Program Error

Two "errors' were found during the sensitivity tests. These
"errors' provide hitherto unknown limitations of the NETMAN program.
First, the model cannot be used to simulate a full 12 hour mission as
was initially intended, A 10 hour mission was simulated without prob-
lem. Secondly, a message load over 30 messages per hour per referee
cannot be handled. It is believed that both of these limits are due to
the present size of data storage arrays. In extreme cases the program
execution is automatically terminated by the computer, probably due
to attempts to make illegal transfers of data. The changes required to
remove these limitations are believed to be relatively minor,
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III. MODEL VALIDATION

Field validation is another step in completing the NETMAN devel-
opment cycle., The purpose of the validation is to derive indices of the
model's precision in estimating the system and human erfects it was de-
signed to predict. A field exercise management environment from which
appropriate criterion data might be derived, i. e., one employing informa-
tion processing characteristics similar to those simulated by the netman
model, is essential to such validation. The Marine Corps' Tactical War-
fare Simulation, Evaluation, and Analysis System was considered to be
an ideal system for validation purposes. TWSEAS' predecessor, TWAES,
was one of the systems from which the NETMAN simulation was developed.

This chapter summarizes the planning for and collection of actual
field data suitable for evaluating the validity of the NETMAN computer
model. By way of overview, the validation was based on comparing sim-
ulation model results with direct observational data obtained from the
Tactical Warfare Simulation, Evaluation, and Analysis System (TWSEAS).
Data were collected at Camp LeJeune, North Carolina.

Criterion Data Attributes

The purpose of the present validation was to compare the model's
predictions with the performance of an actual system. When such a vali-
dation is performed, the actual performance data, called criterion data,
must be carefully collected and must represent as close an approxima-
tion as possible to the situation that model was built to simulate. The
TWSEAS meets this requirement.

In evaluating the TWSEAS as a vehicle against which the NETMAN
may be considered, the attributes of an "ideal" criterion must be held

in mind. A list of such attributes is presented in Table 3-1.

Criterion Variables Selected

The eight TWSEAS criterion variables selected for assessing the
validity of the NETMAN model are shown in Table 3-2, together with the
associated model variables,

Table 3-3 presents a formulation whereby the relative goodness
of the eight criteria may be determined. It shows a matrix of evaluation
scores for each criterion against each of the criterion aspects which was
identified in Table 3-1, The maximum total score that any one of the
field criteria could achieve is 48 (columns of Table 3-3). No criterion
received this score. The minimum possible score is 12, By this yard-
stick, no criterion received a minimal evaluation, Transmission delay
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Criterion Attribute

Table 3-1

Desirable Criterion Attributes

Data Availability

Data Reliability

Relevance to
Situation

Sensitivity

Objectivity

Uniqueness

Suitability of Form

Generality

Comprehensibility

Utility

Freedom from

Triviality

Heuristic Value

Notes on Acceptability of Criteria

An acceptable criterion is one which is backed by
substantial empirical data for the range of populations
to be modeled.

An acceptable criterion is one for which the error
range of the available data is known and minimum.

An acceptable criterion is one which is critical to
and possesses obvious saliency to the acts and
behaviors of individuals and groups involved in the
simulation.

An acceptable criterion is one which will vary as the
result of various conditions expected to be changed
during simulation runs.

An acceptable criterion is one which is based on
objective information.

A preferable criterion is one which is associated with
unique output variance. Each variable should contrib-
ute to the richness and completeness of validation.

That criterion is preferred for which the available
data do not require excessive transformation, rescaling,
preprocessing, or translation.

That criterion is preferred which is applicable to a
wide range rather than only a limited number of
situations.

A criterion should be easily understood by the users
of the model's output.

That criterion is best which is most important to the
questions the planner and model's user wishes to ask.

A criterion which will reflect only minor effects
should be avoided,

The comparison of criterion data with model output
should raise questions relative to the model as well
as to answer questions.
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Table 3-3

Criterion Evaluation

Message
Processing Time
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received a low evaluation score largely because it depends on equipment
characteristics and transient effects. Overall effectiveness received
the lowest rating due to its lack of objectivity and stability. Thor-
oughness and responsiveness received the highest scores.

From the point of view of attributes across criteria, heuristic
value, comprehensibility, and freedom from triviality received the
highest scores (32, 31, and 31 respectively), while data reliability j 1
and generality received the lowest scores (23 in each case). The pos- ;
sible score range for attributes was 8 to 32. Most attributes scored
relatively high in this range.

Model Validation Concepts

The need to validate a computer simulation model was recog-
nized early. Siegel and Wolf (1959) spoke about the need to investi-
gate the properties of new models, to apply a new model to more than
one test, to evaluate the effectiveness and consistency of a model, and
about the desirability and feasibility of validating a model against
outside criterion data. The desirability of model validation by com-
parison of model results against those obtained through a controlled
laboratory test was also recognized early (Siegel, Wolf, & Sorenson,
1962). The suitability of the Campbell and Fiske (1959)technique for
test validation of models was shown in Siegel, Lautman, and Wolf (1972).

DB eaghe osin o hoo oy Liidln

Emshoff and Sisson (1970) in a discussion on model validity
concluded: "the only possible evidence of validity for a simulation
model that has been developed specifically for a situation is that the
model has made satisfactory predictions in the past.'" They sug-
gested five ''preliminary criteria for evaluating first time models' as
described by Hermann (1967). These five are identified by an asterisk
in the more comprehensive list of 15 criteria for evaluating a simu-
lation model which are displayed in Table 3-4, These criteria are not
necessarily mutually exclusive. Some are overlapping, but all are
considered important in some sense and/or for some classes of models.

L

T R

In order to place these criteria into some perspective and to
view the sequential steps through which a model might pass, consider
Figure 3-1, which attempts to tie together the various model devel-
opment/validation phases with these 15 criteria for model evalua-
tion (per Table 3-4). Figure 3-1 displays the major steps (large
rectangles) from concept and model requirements derivation through
the situation in which a model can be considered for decision aiding
and eventually for decision making. The 15 numbered vertical arrows,
representing the 15 criteria, show that each step in the process yields
some measure of utility, feasibility, cost, reasonableness or validity.
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10,

11,

Table 3-4

Criteria for Evaluating the Utility of a Computer Model

Criterion

Internal consistency

Indifference to trivial aggregation

Correct prediction in the extreme
(predictive or empirical validity)

Correct prediction in mid range
(predictive or empirical validity)

Construct validity

Content (variable parameter)
validity (Fidelity) *

Realism or "face validity" *

Richness of output

Ease of use

Cost of development

Transportability~generality

Definition

Extent to which the constructs of the
model are marked by coherence and
similarity of treatment

Potential of the model to avoid major
changes in output when input groupings
or conditions undergo insignificant
fluctuations

Extent of agreement (correctness of
predictions) between model and actual
performance at very high/low values
of conditions

Like above for middle ranges values
of conditions

Theoretic adequacy of the model
constructs

Extent to which the model's variables/
parameters match real life conditions

Extent to which selected content matches
each attribute modeled

Number and type of output variables
and forms of presentation

Extent to which an analyst can readily
prepare data for, apply, and extract
understandable results from the model

Value of effort to conceive, develop,
test, document and support

Extent to which different systems,
missions, and configurations can be
simulated

i




Table 3-4 (continued)

12, Cost of use Value of all effort involving use of
model including data gathering, input,
data processing, and analysis of re-
sults :

13. Internal validity * Extent to which outputs are repeatable
when inputs are unchanged

% 14, Event or time series validity * Extent to which simulation predicts
events and event patterns

. 15. Hypothesis validity * Extent to which model relationships
correspond to similar relationships
in the observable universe

* Approaches to validation defined by Hermann (1967)
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It is suggested that a model whose design meets the criteria emanat -
ing from the model design box be said to be ''suitable'' (see lowest
oval). A model which is programmed and debugged enters a state
here called "testable.' After sensitivity testing, (and the implemen-
tation of corrections to the model as required), a model is said to

be ''reasonable. ' Following adequate validation testing, a model is
termed 'valid" or "useable'' for decision aiding and, after the experi-
ence of use, a model is "operative, ' "proven, " or "effective." The
various types of data and information required as inputs to each phase
are shown entering from the left with the resulting documentation out-
puts exiting to the right.

In the present study both the sensitivity testing and validation
testing stages apply. Figure 3-1 shows that the three primary modes
of validation testing are;

® compare model output against real mission
criterion data

® compare model output against expert opinion

® compare model output against laboratory data

An alternate, expensive approach exists for these three modes of
validation for the case in which real mission data acquisition is im=-
possible or too dangerous, That is, the potential to develop two

(or more) simulation models by independent groups of analysts, Val-
idation can be accomplished then by comparing them against each

other or against a single set of expert opinion relative to a preselected
set of criteria, No example of such a case is currently known,

Model Validation

The model validation proceeded in several stages. First, a
number of tests were designed to measure the operator parameters
required for input to the model, These tests were administered to the
personnel who employed the TWSEAS system during the field exercise
on which the validation was based., Second, the TWSEAS perform-
ance during the field exercise was measured in order to collect the
data required for the development of criterion information, Based on
the input data describing the characteristics of the TWSEAS personnel
who man the system during an actual field exercise and scenario for
the exercise, the model was run to simulate the TWSEAS performance
during the field exercise, Finally, the output data from the model and
the TWSEAS criterion data from the field exercise were compared for
similarity,
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Individual Parameter Data Development

The initial step in the work involved participation in a briefing
with the Marine Corps officers and noncommissioned officers who
were scheduled to participate in the TWSEAS operation during an
anticipated field exercise. In this briefing, the overall scenario and
each participant's individual responsibilities were discussed. The
group was also addressed by a representative who described the pur-
poses and goals of the NETMAN validation. It was emphasized that the
intention was to collect data to evaluate the NETMAN model and not to
evaluate the performance of these individuals. The participants were
informed that information concerning any given individual and his per-
formance would remain completely confidential. It is believed that
the acceptance and cooperation of all personnel was achieved. Then,
the collection of individual data, for entry into the ultimate simulation
of these persons, commenced. A total of 20 TWSEAS referees and radio
operators was involved.

Task Performance Time for Referees

Within NETMAN, simulation of the performance of each task
by the control system personnel simulated is partially based on the
time it requires the personnel to complete the elements of the task.
These data are called task analytic information within the model and are
supplied as input information. Because simulation of the characteristics
of the referees who participated in the field exercise was required, the
basic task performance information required by NETMAN was collected
from the same referees who participated in the actual exercise. During
this data collection, the basic time required to process a message was
measured. Each referee was given 21 scenarios, one at a time, and
instructed to compose a TWSEAS message using the available information
and the TWSEAS coding book. The scenarios consisted of the actual de-
coded format for the messages which constituted correct answers. Fig-
ure 3-2 shows an example of a problem scenario. Th~ referee was asked
to compose each message as accurately and as quickly as he could.

Figure 3-3 shows the data collection form used for recording
the referee task performance information as required by NETMAN.
The times were recorded on the data sheet in the form of cumulative
elapsed time. Timing began as soon as the message was given to
the referee, When the referee stopped leafing through the TWSEAS
message book, the time was recorded under "Message type selection, "
If the referee changed his mind and moved to another message type,
an "F'" was recorded under '"Success/Fail" and the time of final se-
lection of a message type was recorded under "Touch up," 1If the
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Scenario 1

You are assigned to unit 12 and decide to report the evacua-
tion of casualties by motor transport, It is day D +2 of the exercise
and the time is 1045. Evacuation of the casualties was requested at
0945, and field medical cards were prepared for all casualties at
that time. At 0800, one Marine was Kkilled in action and 16 were
wounded requiring evacuation, The casualty sorting was "above av-

erage' and evacuation procedures were effective.

Figure 3-2. Information provided to referees for composing one
TWSEAS message.
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APS Project NAME - Task Analytic Data Collection for Referee

Identification No. Date 3

Start time Message No.
(hours) (min,)

Stop time Observer
(hours) (min.)

Duration Success/ Fail Touchup |
(secs.) (secs,) |

Message type selection

Message encoding

Visual check of entries

Delivery to radio operator

Comments:

Figure 3-3 Task analytic data collection form for referees.




referee was satisfied with his initial selection, an "S' was entered
under "Success/Fail'" and the "Touch up' time entry was left blank,
If the referee selected a wrong message type, the error was not
brought to his attention until the end of the complete data collection.

The time of writing the last digit of the TWSEAS code was
recorded under "Message encoding. " If the referee changed an
entry, an "F" (otherwise "'S") was entered under "'Success/Fail" and
the time of completing the final touchup correction was entered.

Similarly, the time of completion of the final check of the
message was recorded under ''Visual Check,'" This end point was
taken to be the point at which the referee looked up from the message
or the time at which the referee finished writing the time of message
completion,

The timing ended when the referee returned the completed
message and the scenario to the test administrator. This time was
recorded under '"Delivery to radio operator. "

During the message preparation, the referee was not allowed
to interupt for questions and the timing, once started, was carried
through to completion. Any delay in the message handling process,
such as dropping a pencil, was considered to be a possible occur-
rence in the field and was included in the timing.

Mean time, across referees, was calculated for each task
element of each message type. The message types are described in
Table 3-13. The resulting means and standard deviations are shown
in Table 3-5. Currently, NETMAN is limited to a total of eight task
analyses in one simulation. Since at least one task analysis must be
assigned to each level of the system, three are accounted for by the
controller, computer, and radio operator. This allowed an alloca-
tion a maximum of five task analyses for use by referees, Message
types 5 and 2, as shown in Table 3-5, were omitted from this simula-
tion., This omission seems justified on the basis that no messages
of type 5 and only two messages of type 2 were ultimately involved in
the field exercise. Utilization of "Success/ Fail" data is presented
below in the discussion of precision determination (see Table 3-9).
Task elements 1 through 4 in Table 3-5 correspond to the four tasks
in Figure 3-3.
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Task Performance Time for Radio Operators

NETMAN requires the same type of task analytic data for radio
operators as for referees. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>